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The photosynthetic productivity of maize (Zea may5) in temper- 
ate regions is  often limited by low temperatures. The factors re- 
sponsible for the sensitivity of photosynthesis in maize to growth at 
suboptimal temperature were investigated by measuring (a) the 
quantum yields of CO, fixation and photosystem II (PSII) photo- 
chemistry, (b) the pigments of the xanthophyll cycle, (c) the con- 
centrations of active and inactive PSll  reaction centers, and (d) the 
synthesis of core components of PSll reaction centers. Measure- 
ments were made on fully expanded leaves grown at 14"C, both 
before and during the first 48 h after transfer of these plants to 
25°C. Our findings indicate that zeaxanthin-related quenching of 
absorbed excitation energy at PSll is, quantitatively, the most im- 
portant factor determining the depressed photosynthetic efficiency 
in 14°C-grown plants. Despite the photoprotection afforded by 
zeaxanthin-related quenching of absorbed excitation energy, a sig- 
nificant and more persistent depression of photosynthetic efficiency 
appears to result from low temperature-induced inhibition of the 
rate at which damaged PSll centers can be replaced. 

In temperate regions, low temperatures during the early 
part of the growing season can severely restrict the photo- 
synthetic performance and canopy development of maize 
(Zea mays) crops (Miedema, 1982; Baker and Nie, 1994). 
Depression of photosynthetic performance results from de- 
creases in both photosynthetic capacity and the maximum 
quantum efficiency of CO, assimilation, &o, (Stirling et 
al., 1991; Nie et al., 1992). 

There is substantial evidence to suggest that a large 
proportion of the decrease in observed in leaves of 
plants grown at >22"C and subsequently exposed to low 
temperatures arises from temperature-related thermody- 
namic constraints on carbon metabolism. This inevitably 
reduces the maximum flux of electrons through the photo- 
synthetic electron-transport chain, decreasing the rate at 
which absorbed excitation energy can be dissipated by PSII 
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photochemistry (Ortiz-Lopez et al., 1990; Baker and Nie, 
1994). One important consequence of this decreased capac- 
ity for electron transport is that the potential for photodam- 
age to PSII reaction centers is greatly increased (Baker, 
1994). Although carbon metabolism within 14°C-grown 
maize plants is subject to the same temperature-related 
thermodynamic constraints, depression of photosynthetic 
performance in these plants has also been linked to poor 
development of the photosynthetic apparatus (Nie et al., 
1992), which results from a decreased accumulation of 
specific proteins within thylakoid membranes (Nie and 
Baker, 1991; Stirling et al., 1991). 

It is becoming increasingly apparent that when the 
amount of light absorbed by PSII is in excess of that which 
can be utilized in photosynthesis, one or more photopro- 
tective mechanisms can operate to minimize photodamage. 
For example, an increased proportion of absorbed excita- 
tion energy may be dissipated within the PSII antennas 
through nonradiative decay (lost as heat), which is associ- 
ated with the conversion of violaxanthin to zeaxanthin 
(Demmig-Adams and Adams, 1992, 1994). This increased 
rate of de-excitation by nonphotochemical processes de- 
creases the quantum efficiency of linear electron transport 
and &,z (Genty et al., 1989). If photodamage to the reac- 
tion centers does occur, as has been shown to be the case in 
maize leaves exposed to a combination of low temperature 
and high PPFD (Ortiz-Lopez et al., 19901, then this will 
contribute an additional, and more persistent, decrease in 

It has been observed previously that &o, of mature 
maize leaves grown at 14°C increases rapidly (over severa1 
hours) following the transfer of plants to 25°C (Nie, 1991). 
Potentially, this response may provide important clues for 

Abbreviations: CP, core protein; AASl8, flash-induced absorp- 
tion change at 518 nm; AAFLl (AAFL2), phase of AA,,, induced by 
the first flash (second flash); F, and Fm', maximum fluorescence 
yields in dark-adapted and light-adapted states; F ,  and Fo', min- 
imum fluorescence yields in dark-adapted and light-adapted 
states; F,, steady-state fluorescence yield; F, and F,', variable 
fluorescence yields in dark-adapted and light-adapted states; LH- 
CII, light-harvesting complex associated with PSII; +ccoz, maxi- 
mum quantum yield of CO, assimilation; +psII, quantum yield of 
PSII photochemistry. 
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determining the most important factors involved in the 
depression of within maize leaves that have devel- 
oped at low temperatures. 

The central focus of this study was to determine the 
extents to which nonradiative decay processes and the 
concentration of functional PSII reaction centers might be 
important in determining the quantum efficiency of PSII 
(+psII) within the leaves of maize plants that have devel- 
oped at 14°C. Our data suggest that a relatively large 
proportion of absorbed excitation energy is dissipated 
through nonradiative decay processes within light- 
adapted, fully expanded leaves of 14°C-grown plants and 
that the concentration of functional PSII centers within 
these leaves is substantially lower than within plants 
grown at >22"C. Following transfer of these plants to 25"C, 
the proportion of excitation energy dissipated as heat de- 
creased substantially within the first 6 h, whereas the con- 
centration of functional PSII centers increased between 12 
and 48 h after transfer. 

MATERIAL A N D  METHODS 

Plant Material and Crowth Conditions 

Maize plants (Zeu mays cv LG11, a cultivar developed for 
Northern Europe) were planted in a mixture (50:50, v/v) of 
perlite and potting compost (Levington No. 1; Fisons, 
Ipswich, UK) and watered daily with full-strength Hoag- 
land medium. Seedlings were grown in a controlled-envi- 
ronment cabinet (Fitotron F600H, Fisons) on a 14/12"C 
day/night cycle (16-h day at a PPFD of 250 pmol m-' s-*) .  
Once the second leaf had reached full expansion (between 
35 and 40 d from sowing), the plants were transferred to a 
similar controlled-environment cabinet maintained at 25°C 
for the 16-h photoperiod (also at a PPFD of 250 pmol m-' 
s-l) and 22°C at night. A leaf-air water vapor pressure 
difference of 0.5 to 0.7 kPa was maintained within both 
cabinets. 

Photosynthetic Activities 

Simultaneous measurements of CO, assimilation and 
modulated Chl fluorescence yield were made using equip- 
ment and techniques described previously (Genty et al., 
1989). Steady-state measurements were made at a PPFD of 
250 pmol m-'s-'. Values of were corrected for both 
leaf absorption (using a Taylor integrating sphere) and 
dark respiration. The quantum efficiency of PSII photo- 
chemistry at steady state (+psII) was estimated from (Fm' - 
F,)/F,' (Genty et al., 1989). The maximum quantum effi- 
ciency of PSII (when the primary electron accepting plas- 
toquinone of PSII is fully oxidized) was estimated from the 
F J F ,  values from dark-adapted leaves and the F,'/F,' 
values from light-adapted leaves, where F ,  = F ,  - F ,  and 
F,' = F,' - F,'. F ,  and F,' were both taken as the 
maximum fluorescence yield attained during a 2-s saturat- 
ing pulse (PPFD > 10,000 pmol m-' s-'), and F ,  and F,' 
were measured under weak, continuous illumination, as 
described previously (Genty et al., 1989). 

Carotenoid Analyses 

Leaf discs (1 cm diameter) were ground with a mortar 
and pestle in ice-cold ethanol (1 mL) for 30 s and then 
centrifuged at 15,OOOg for 4 min in a microfuge. The super- 
natants were collected and stored under a nitrogen atmo- 
sphere in the dark at -4°C. A11 procedures were carried out 
in dim light. Chromatography of the leaf pigments was 
performed using a modification of the method described 
by Gilmore and Yamamoto (1991). A Beckman Gold Sys- 
tem equipped with a 5-pm particle diameter, 25-cm Spheri- 
sorb ODS-2 column (i.d. 4.6 mm) was used to separate 
pigments using a flow rate of 2 mL min-l and injection 
volume of 20 pL. The mobile phase involved a two-solvent 
isocratic step. The first solvent consisted of acetonitrile: 
methano1:O.l M Tris HCl buffer at pH 8.0 (72:8:2, v/v) and 
was run isocratically for 6 min. This was followed by a 
10-min linear gradient to 100% of a second solvent consist- 
ing of methanokethyl acetate (68:32, v/v). Pigments were 
detected by their A,,,. The concentrations of the separated 
pigments from leaf samples were determined from the 
integrated area under pigment peaks. Calibration of peak 
areas was from chromatography of known amounts of the 
individual pigments previously isolated, whose concentra- 
tions had been determined spectroscopically using previ- 
ously reported extinction coefficients (Davies, 1976). 

Flash-lnduced Absorption Change at 51 8 nm 

Attached, fully expanded second leaves were enclosed 
within a custom-built chamber. A laboratory-built, kinetic 
spectrophotometer, similar to that described elsewhere 
(Wise and Ort, 1989), was used to measure AA,,, induced 
by saturating, single-turnover flashes. Red, actinic flashes 
were provided by a Xenon flash lamp (FX-200; EG&G, 
Salem, MA), filtered by a Melles-Griot (Irvine, CA) heat- 
reflecting mirror (03 MHG 007) and a red glass filter (CS 
2-58; Corning, Inc., Corning, NY). The measuring light and 
actinic flashes were delivered to the adaxial surface of the 
leaf through a bifurcated light guide. Inactive PSII centers 
were quantified by applying two saturating, single-turn- 
over flashes spaced 50 ms apart. 

The fast (4 ps) phase of AA,,, induced by the first flash 
(AA,,,) reflects charge separation at a11 reaction centers 
and is directly proportional to the number of centers that 
undergo charge separation (Chylla and Whitmarsh, 1989). 
During the 50-ms interval before the second flash, the 
primary, stable electron acceptors of active PSII centers and 
PSI centers are re-oxidized. Since inactive PSII centers are 
re-oxidized with a half-time of 1.5 to 2 s (Chylla and 
Whitmarsh, 1989), most of these centers are "closed" at the 
time of the second flash. Consequently, the amplitude of 
the fast phase of AA,,, induced by the second flash (AAFLz) 
represents charge separation only at active PSII centers 
plus PSI centers. The difference between the amplitudes of 
AA,,, and AA,,, can therefore be attributed to charge 
separation at inactive PSII centers and the proportion of 
PSII centers that are inactive can be calculated as: 
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Labeling of Proteins in Leaves 

Incorporation of [3sSlMet into leaf proteins was per- 
formed using a previously described modification (Nie and 
Baker, 1991) of the method of Cooper and Ort (1988). The 
upper surfaces of leaves attached to the plant in the growth 
cabinet were abraded with carborundum paper, and ali- 
quots of [3sS]Met (400 pCi mL-', specific activity >800 Ci 
mmol-') in 0.4% (v/v) Tween 20 were evenly applied 
using a cotton swab. Treated leaves were kept in the am- 
bient growth conditions for 3 h and then rinsed in ice-cold, 
nonradioactive 1 mM Met before isolation of the thylakoids. 

lsolation of Thylakoids and Analyses of Polypeptides 

Thylakoids were isolated from mesophyll cells essen- 
tially as described previously (Hayden and Hopkins, 1976) 
using an isolation and resuspension medium containing 
330 mm sorbitol, 10 mm NaC1, 5 mM MgCl,, and 50 mM 
Tricine at pH 8.0; the wash medium was similar except that 
sorbitol was omitted. 

Solubilization and electrophoretic separation of thyla- 
koid polypeptides were performed essentially as described 
previously (Nie and Baker, 1991). Thylakoid proteins were 
solubilized in 4% (w/v) SDS, 60 mM DTT, and 8% (w/v) 
Suc using an SDS:Chl ratio of 32:l (w/w). A resolving 
gradient gel of 10 to 18% (w/v) acrylamide and 4 to 8% 
(w/v) Suc was used for the electrophoretic separation. 
Staining of the gels with Coomassie brilliant blue and 
fluorography to detect [35S]Met were performed as de- 
scribed previously (Nie and Baker, 1991). 

Capacity of Thylakoids to Bind Atrazine 

The binding of I4C[atrazine] to isolated thylakoid mem- 
branes was used to determine the concentration of plasto- 
quinone binding sites, i.e. the concentration of PSlI com- 
plexes potentially capable of plastoquinone reduction, 
according to the principles first described by Tischer and 
Strottman (1977). The experimental procedures for assay of 
atrazine-binding capacity were essentially similar to those 
described previously (Bradbury and Baker, 1986), except 
that thylakoid preparations were diluted to 45 nM Chl in 1 
mM Na,EDTA, 10 mM MgCl,, 150 mM NaCl, and 40 mM 
Hepes (pH 7.6) and then incubated at 25°C in the dark for 
10 min with a concentration range (20-300 mM) of [ethyl- 
l-'4Clatrazine having a specific activity of 25 Ci mol-'. 

RESULTS 

Changes in &-o, and c # + ~ ~ ~  following the Transfer of 
14°C-Crown Plants to 25°C 

The within fully expanded second leaves of 14°C- 
grown maize plants was depressed by nearly 75%, when 
compared to plants grown at 25°C (0.015 compared to 
0.057). Following transfer of 14°C-grown plants to 25"C, 

recovered to 0.045 within 48 h, with approximately 
70% of this recovery occurring within the first 6 h (Fig. 1). 

Transfer of 14°C-grown plants to 25°C also induced 
changes in the maximum c # J ~ ~ ~ ~  (FJF,). These changes 
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Figure 1. Time course for the recovery in of 14°C-grown maize 
leaves on transfer to 25°C. Measurements were made from leaves at 
steady-state photosynthesis at the ambient growth PPFD of 250 pnol 
m-2 - 1  . The dashed line indicates &o, of leaves grown at 25°C. SES 

were calculated for a minimum of five replicates and in all cases 
were less than 10% of the mean. 

s 

were complex, consisting of at least three distinct phases 
(Fig. 2). During the first 14 min, a rapid increase in F,/F, 
was observed (Fig. 2, inset). This was followed by a slower 
increase in FJF,, which was interrupted by a significant 
decrease between 4 and 6 h. The pattern of these changes in 
F J F ,  was matched by somewhat larger changes in &.sII 

and F,'/F,' (also shown in Fig. 2), measured from leaves 
adapted to a PPFD of 250 pmol m-2 s-'. Since the fluores- 
cence parameter +psII is the product of F,'/F,' and the 
proportion of "open" PSII centers (Genty et al., 1989), the 
similar values for &.sII and F,'/F,' reflect the maintenance 
of a highly oxidized primary electron accepting plastoqui- 
none of PSII pool at ambient PPFD, which was demon- 
strated by the measured values of the photochemical 
quenching coefficient of above 0.9 (data not shown). 

The data presented in Figure 3 show the relationship 
between qbco2 (from Fig. 1) and &,sII (from Fig. 2) imme- 
diately before and at various times within the first 48 h 
after transfer of 14°C-grown plants to 25°C. If a constant 
proportion of the electrons derived from charge separation 
at PSII were used for CO, fixation, a linear relationship 
would exist between these two parameters, as has been 
shown to be the case for maize leaves over a range of 
physiological and environmental conditions (Edwards and 
Baker, 1993). Extrapolating between any two of the points 
between O and 6 h produces an intercept along the +psII 

axis, indicating that an increasing proportion of the elec- 
tron equivalents derived from charge separation at PSII are 
being used for CO, fixation. Conversely, extrapolating 
through the 6 and 48 h points produces an intercept along 
the &02 axis, indicating that the proportion of electrons 
derived from charge separation going to CO, i s  decreasing 
during this period. 



764 Fryer et al. Plant Physiol. Vol. 108, 1995 

0.8 - 

0.6 - 

0.4 - 

0.2 - 

0.0 - 

U' 
0.55 

d 
I f  

i 

Time at 25°C (min) 
I , I I I I I I I I l .  

O 10 20 30 40 50 

Time at 25°C (h) 

Figure 2. Time course for the recovery in the FJF, (O), F,'/F,' (O), 
and +psll (W) on transfer of 14OC-grown leaves to 25°C. F,'/F,' and 
+psII were measured at steady-state photosynthesis at the ambient 
growth PPFD of 250 pmol  m-' s - ' .  SES were calculated for a 
minimum of five replicates and in all cases were less than 10% of the 
mean. The inset shows the changes in FJF, for a single leaf during 
the first 60 min after transfer to 25°C. 

The Contribution of Zeaxanthin-Dependent 
Quenching to the Depression of Photosynthetic 
Performance within 14"C-Crown Plants 

Studies of a wide range of species, in a variety of envi- 
ronmental situations, have demonstrated a strong correla- 
tion between the stimulation of nonphotochemical quench- 
ing of Chl fluorescence (which reflects an increase in 
nonradiative decay), induced by the absorption of light in 
excess of that required for photosynthesis, and the accu- 
mulation of zeaxanthin within the thylakoid membrane 
(Demmig-Adams, 1990; Demmig-Adams and Adams, 
1992). Accumulation of the de-epoxide, zeaxanthin, results 
from de-epoxydation of the di-expoxide, violaxanthin, via 
the mono-epoxide, antheraxanthin. To evaluate whether 
zeaxanthin quenching of excitation energy might contrib- 
ute to the inefficiency of photosynthesis within 14°C- 
grown plants, the xanthophyll cycle pigment contents (vio- 
laxanthin, antheraxanthin, and zeaxanthin) of leaves 
adapted to a PPFD of 250 pmol m? s-l were analyzed 
before and for 48 h after transfer to 25°C. These data (Fig. 
4) demonstrate that most of the xanthophyll pool within 
14°C-grown leaves exists as zeaxanthin but that this pool is 
quickly epoxidized to violaxanthin after transfer to 25"C, 
with most of the conversion occurring within the first 10 h. 
It would therefore seem that relaxation of down-regula- 
tion, reflected in the decrease in nonphotochemical 
quenching associated with decreasing levels of zeaxanthin 
within the thylakoid membrane, is largely responsible for 
the increased F,'/F,' during the first 10 h after transfer of 
14°C-grown leaves to 25°C. Since c#+sII is primarily defined 
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The relationship between &a, and +pzII on transfer of 
14°C-grown leaves to 25°C. The numbir  of hours elapsed after 
transfer to 25°C is shown in parentheses. 

by F,' /F,' during this period (Fig. 2),it follows that a high 
leve1 of nonradiative decay, within LHCII and associated 
with the presence of zeaxanthin, contributes significantly 
to the depressed photosynthetic performance of 14°C- 
grown maize plants. 

Changes in the Concentrations of Active and 
lnactive PSll Centers following the Transfer of 14°C-Crown 
Plants to 25°C 

The possibility that the transfer of 14°C-grown plants to 
25°C might produce an increase in the total number of 
photochemically competent PSII complexes was examined 
through measurements of the capacity of isolated thyla- 

Time at 25°C (h) 

Figure 4. Time course for the recovery in the content of antherax- 
anthin (A), violaxanthin (O), and zeaxanthin (O) in 14°C-grown 
leaves after transfer to 25OC. SES were calculated for a minimum of 
five replicates and in all cases were less than 10% of the mean. 
Concentrations of the various carotenoids are expressed on the basis 
of leaf area. 
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Figure 5. Time course for the recovery in the number of atrazine-
binding sites in isolated maize mesophyll thylakoids (•), A/\518 from
leaves (O), and the estimated content of inactive PSII reaction centers
(T) on transfer of 14°C-grown leaves to 25°C. The content of inactive
PSII reaction centers was estimated as described in "Materials and
Methods" from flash-induced absorption changes at 518 nm. SES
were calculated for a minimum of five replicates and in all cases
were less than 10% of the mean.

koids to bind 14C[atrazine] and from the amplitude of
AAFL1. The contribution of inactive PSII centers to AA518
was also quantified (see "Materials and Methods")- Only a
small increase in the capacity of isolated mesophyll thyla-
koid membranes to bind atrazine occurred during the first
12 h after transfer of 14°C-grown leaves to 25°C (Fig. 5).
Similarly, there was no significant change in the amplitude
of AAFL1 formation during this period. Between 12 and 24
h after transfer to 25°C, an approximately 600% increase in
atrazine-binding was observed, after which the number of
atrazine-binding sites continued to increase but at a much
slower rate. The amplitude of AA518 also increased after the
12-h "lag." However, this increase was very much smaller
(approximately 28%) than the increase in the number of
atrazine-binding sites. The large increase in atrazine bind-
ing between 12 and 24 h after transfer to 25°C indicates an
increase in the number of PSII centers capable of binding
plastoquinone. This would be expected to cause a parallel
increase in the number of PSII centers capable of stable
charge separation within fully dark-adapted leaves. The
much smaller increase in AAFL] during this period suggests
that the ratio of functional PSII to functional PSI is very low
within 14°C-grown plants.

Inactive PSII centers have previously been shown to
constitute approximately 12% of AAFL1 in nonstressed,
field-grown maize plants (Chylla and Whitmarsh, 1989).
Within 14°C-grown plants, only 2.3% of AAFL] could be
attributed to inactive PSII centers. However, this number
increased significantly (to 9.1%) within 4 h at 25°C.

It was recently demonstrated that increasing the temper-
ature of 14°C-grown plants to 25°C resulted in a large
increase in the rate of thylakoid protein synthesis and a
change in the labeling profile of the polypeptides; at 14°C
the Dl and LHCII polypeptides were the major proteins
labeled, whereas on transfer to 25°C, a wider range of

proteins became labeled (Nie et al., 1995). The large in-
creases observed in the photochemically active PSII popu-
lation within 14°C-grown leaves after 12 h at 25°C (Fig. 5)
could be associated with synthesis of new PSII complexes
or, alternatively, the repair of previously photodamaged
PSII complexes by the insertion of newly synthesized Dl in
the complexes. To examine these possibilities, net thyla-
koid protein synthesis in 14°C-grown leaves was studied
during the recovery of <frPSII at 25°C. The 14°C-grown
leaves were infiltrated with [35S]Met for 3 h following
transfer to 25°C for 3, 9, and 24 h, and then thylakoids were
isolated and the polypeptides separated by PAGE. Flu-
orography of the polypeptide profiles indicated that many
proteins were synthesized within the 3- to 6-h period after
transfer of the leaves from 14 to 25°C, and the pattern of
synthesis remained similar between 9 and 12 h (Fig. 6). The
major proteins accumulating in these periods had apparent
molecular masses of approximately 58, 57, 43, 32, and 26
kD, which are almost certainly the a and /3 subunits of the
coupling factor, CP43/47, Dl, and LHCII apoprotein, re-
spectively. Between 24 and 27 h at 25°C the protein accu-
mulation profile changed, with by far the most label being
incorporated into the band at approximately 32 kD during
this interval (Fig. 6); labeling in the other bands was essen-
tially similar to that seen in the 3- to 6- and 9- to 12-h
samples. This suggests that the large increase in photo-
chemically competent PSII complexes between 12 and 48 h
at 25°C is associated with a large increase in accumulation
of Dl but not of any other proteins. Consequently, these
data would be more consistent with the repair of existing,
photodamaged PSII complexes rather than the synthesis of
new PSII complexes; if synthesis of new PSII complexes
were occurring during this period, similar increases in
labeling of both the 43- and 32-kD bands would be pre-
dicted. The labeling pattern of the polypeptide profile of

CF1 a and |3

3 h 9 h 24 h
Figure 6. Fluorographs of maize mesophyll thylakoid polypeptide
profiles showing net protein accumulation in 14°C-grown leaves
during a 3-h incubation period with |35SlMet after transfer to 25°C for
3, 9, and 24 h. Positions of molecular mass markers are given in kD
at the left of the fluorograph. Locations of the a and /3 subunits of
coupling factor 1 (CF,), the D1 protein, and the major LHCII apopro-
teins are indicated.
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the 14°C-grown leaves between 24 and 27 h after transfer to 
25°C (Fig. 6) is similar to that found in control25"C-grown 
leaves (Nie and Baker, 1991; Nie et al., 1995). 

D I SC U SSI ON 

Increasing the ambient temperature of 14°C-grown 
maize leaves to 25°C resulted in an immediate increase in 
the rate of CO, assimilation (data not shown), which is 
almost certainly due to the release of temperature-related 
thermodynamic constraints on photosynthetic metabolism. 
This was followed by a slower increase in 4c0,, from 0.015 
to 0.047 over 2 d (Fig. 1). Almost 70% of this gain occurred 
within the first 6 h after transfer to 25"C, despite the 
absence of any measurable increase in the number of pho- 
tochemically active PSII centers (Fig. 5). 

During the first 4 h at 25°C a rapid relaxation of non- 
photochemical quenching of Chl fluorescence was ob- 
served, which was closely associated with increases in &,sII 

and &o,. This relaxation of nonphotochemical quenching 
was composed of two distinct phases. The first phase was 
completed within 14 min and can be attributed to reversal 
of the so-called "energy-dependent" quenching of Chl fluo- 
rescence (Krause and Weis, 1991). The second phase con- 
tinued for at least 4 h, during which there was a substantial 
decrease in the level of zeaxanthin and a parallel increase 
in violaxanthin within these leaves (Fig. 4). 

An interesting ancillary issue is the curious, but highly 
reproducible, transient decrease in both F J F ,  and c#+sII 
that occurs between 4 and 6 h after transfer to 25°C. After 
a short interval, this transient gives way to further slow 
increases in both parameters, which continue up to 48 h. 
During this transient, the zeaxanthin content continues to 
decline and the number of functional PSII centers increases 
slightly (Fig. 5). It therefore seems extremely unlikely that 
either the changes in carotenoid content or in the capacity 
for PSII photochemistry could have been responsible for 
this transient decrease in both F J F ,  and +psII. The zeax- 
anthin content of leaves continued to decline between 8 
and 24 h after transfer to 25"C, whereas the number of 
functional PSII centers increased markedly from 12 h after 
transfer. Consequently, there was a period of severa1 hours 
during which both relaxation of nonradiative decay pro- 
cesses (decrease in nonphotochemical quenching) and an 
increase in the capacity for PSII photochemistry contrib- 
uted to the increase in &.sII. 

The observed changes in atrazine-binding capacity of 
isolated mesophyll thylakoids indicate that the PSII popu- 
lation increases markedly between 12 and 48 h after the 
14°C-grown leaves are transferred to 25°C (Fig. 5). This 
increase in the PSII population is likely to be an important 
factor in the increase in c # I ~ ~ ~  between 12 and 48 h at 25°C. 
The [35S]Met-labeling studies show that the increase in the 
PSII population after 12 h is accompanied by an increased 
rate of synthesis of D1 that is much greater than for other 
PSII core complex proteins, such as CP43 and CP47 (Fig. 5). 
These data are consistent with the repair of photodamaged 
D1 in inactivated PSII complexes rather than the synthesis 
of entirely new PSII complexes. The repair of photodam- 

aged PSII complexes requires the proteolytic degradation 
of the damaged D1, together with the synthesis and inser- 
tion of D1 into the damaged complexes. Degradation of D1 
is known to be highly temperature sensitive (Aro et al., 
1990) and, in maize chloroplasts, has been shown to be 
reduced when thylakoids have developed at 14°C com- 
pared to 25°C (Bredenkamp and Baker, 1994). Therefore, 
the proportion of PSII complexes containing damaged D1 
would be expected to be greater in maize leaves grown at 
14°C as compared to 25°C. It should be noted that an 
immediate increase in the rate of net synthesis of PSII CPs 
and many other thylakoid proteins on transfer of 14°C- 
grown leaves to 25°C has been reported previously (Nie et 
al., 1995). Thus, it appears that some biogenesis of PSII 
complexes does occur, which could account for the small 
increases in the atrazine-binding capacity of thylakoids 
observed during the first 12 h at 25°C (Fig. 4). 

After transfer to 25"C, the increase in AAFLl (which is 
directly proportional to the number of PSII plus PSI centers 
capable of stable charge separation) is much smaller than 
the increase in atrazine-binding (which reflects the number 
of PSII centers capable of binding plastoquinone). Assum- 
ing the increase in atrazine binding represents an increase 
in the number of PSII centers capable of stable charge 
separation, a comparison of the atrazine-binding and AASl8 
data (Fig. 5) indicates that the level of PSII centers capable 
of stable charge separation within 14°C-grown plants is 
extremely low, relative to PSI, or that an increase in PSII 
centers is paralleled by a decrease in PSI centers following 
transfer to 25°C. 

The small increase in the contribution of inactive PSII 
centers to AA,,, (Fig. 5), after the transfer of 14°C-grown 
plants to 25"C, occurs before any measurable increase in 
AA,,, per se. Consequently, inactive PSII centers must be 
formed at a faster rate than active PSII centers during this 
period. Although there is relatively little incorporation of 
I3'S1Met into D1 and the 43-/47-kD proteins during the 3- 
to 6-h period after transfer to 25"C, it should be noted that 
relatively little protein synthesis would be required to ac- 
count for the increase in inactive PSII centers observed, 
since these centers represent a small proportion of the total 
PSII pool. An alternative explanation, however, might be 
that these centers are synthesized from precursors within 
the existing polypeptide pool. 

To conclude, the data presented here demonstrate that 
the major factor determining the low photosynthetic effi- 
ciency of leaves from 14°C-grown maize plants is zeaxan- 
thin-related quenching of excitation energy within PSII 
antennae. Since this quenching of absorbed excitation en- 
ergy through nonradiative decay competes directly with 
energy trapping by P,,,, the potential for damage to PSII 
reaction centers is consequently decreased. Despite the 
protection afforded by high levels of zeaxanthin-related 
quenching, the data presented in Figure 5 clearly show that 
the concentration of functional PSII reaction centers within 
maize leaves developed at 14°C is much lower than within 
the same leaves 48 h after transfer to 25°C. Potentially, this 
low concentration of functional PSII centers also plays a 
significant role in depressing photosynthetic activity 
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within these leaves once the ambient temperature has been 
increased to 25°C. 

It is  now widely accepted that the replacement of light- 
damaged D1 requires degradation of the damaged protein 
before replacement with functional D1 can occur (Ohad et  
al., 1994) and that this process is inhibited by low temper- 
a ture  (Aro et  al., 1990). Consequently, it seems reasonable 
to  suggest that, although the high levels of zeaxanthin 
present within the leaves of 14°C-grown maize plants will 
offer some protection against light-induced damage to D1, 
the inhibition of D1 degradation by low temperature pre- 
vents the accumulation of functional PSII reaction centers. 

Received January 23, 1995; accepted March 9, 1995. 
Copyright Clearance Center: 0032-0889/95/108/0761/07. 
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